Octamethylcyclotetrasiloxane (OMCTS), a common constituent of household products, triggers the transformation of bismuth to the volatile toxic derivative trimethylbismuth by Methanosarcina barkeri, which is a representative member of the sewage sludge microflora. Comparative studies with the ionophores monensin and lasalocid, which induce effects similar to those observed for OMCTS, indicated that the stimulation of bismuth methylation is not specific for the siloxane and suggested that the stimulation observed is mainly due to facilitated membrane permeation of the metal ion.
sludge can be expected due to the increased use of this metal in technological processes, increased emission of volatile toxic TMBi (13) is expected.
Since previous investigations using deuterium-labeled OMCTS indicated that OMCTS does not have a role as a methyl donor in bismuth methylation by M. barkeri (18) , we aimed at characterizing its adjuvant function in the biomethylation of bismuth. Here we compared the efficiency of OMCTS in stimulating bismuth methylation by M. barkeri with the efficiencies of other compounds that resemble OM-CTS chemically in order to examine the mechanistic background for this stimulation.
Liquid cultures of M. barkeri DSMZ 800 T (Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig, Germany) were grown under strictly anaerobic conditions in 120-ml serum bottles with butyl rubber stoppers containing 50 ml of medium DSMZ120. The culture media were reduced by addition of L-cysteine (0.3 to 0.5 g liter Ϫ1 ), pressurized with CO 2 -H 2 (20:80, vol/vol; 200 kPa), and incubated in the dark in a rotary shaker (150 rpm) at 37°C. In the early exponential growth phase the cultures were supplemented with different concentrations of inorganic bismuth [1 M to 20 M Bi(NO 3 ) 3 ] and/or with different concentrations of OMCTS (1.7 pM to 34 nM; 98%; ABCR, Karlsruhe, Germany), monensin (1.5 pM to 150 nM; Sigma, Deisenhofen, Germany), or lasalocid (1.7 pM to 170 nM; Sigma, Deisenhofen, Germany). A 100 mM Bi(NO 3 ) 3 stock solution was prepared in 1,2-propanediol and diluted in double-distilled water to obtain a concentration of 1 mM Bi(NO 3 ) 3 in 5 mM EDTA and 5 mM Tris, pH 7.0. Dilutions of OMCTS were prepared in dimethyl sulfoxide (Merck, Darmstadt, Germany). Data for OMCTS concentrations less than 1.7 pM showed that the standard deviations for the production of TMBi were high, probably due to undefined adsorption on the inner glass walls of the cultivation vessels, and therefore were not evaluated. Dimethyl sulfoxide had no effect on the methane production by M. barkeri at concentrations of 1 to 5 mg/ml (data not shown). The physiological activities of the cultures were determined before and after addition of the compounds mentioned above by measuring the production of methane by gas chromatography with flame ionization detection (7) . TMBi was analyzed by a modified purgeand-trap gas chromatographic system coupled to an inductively coupled plasma mass spectrometer (Fisons VG PlasmaQuad II) (6) . Methane production and TMBi production were monitored for approximately 60 days at intervals of 12 to 48 h. After each analysis of volatile bismuth compounds, the gas phase was exchanged with CO 2 -H 2 (20:80, vol/vol; 200 kPa), and the cultures were incubated further. To avoid contamination with bacteria, ampicillin (100 g/ml) was added to M. barkeri cultures. All experiments were performed at least in triplicate.
As shown in Table 1 , the amount of TMBi produced in the culture assays depended on the concentration of both the metal and the siloxane. At an OMCTS concentration of 3.4 nM, the TMBi production was maximal with low concentrations of Bi(NO 3 ) 3 [1 and 5 M Bi(NO 3 ) 3 ], but it was significantly reduced with 20 M Bi(NO 3 ) 3 (Table 1) , probably due to inhibiting or damaging effects of Bi 3ϩ on essential cell components, such as membrane-associated or integrated proteins of M. barkeri (11) .
This general inhibiting or damaging effect of the metal ion on the cell physiology, especially at higher concentrations, could also be demonstrated by the inhibitory action of Bi(NO 3 ) 3 on methanogenesis. Increasing the concentration of Bi(NO 3 ) 3 from 1 M to 20 M resulted in reducing the methane production by growing cultures to 20% (1 M), 77% (5 M), and 87% (20 M) of the production by control cultures (28 Ϯ 6 mmol CH 4 produced over 30 days). No effect on methane production was observed with NaNO 3 at concentrations up to 60 M, indicating that the inhibition was due to the metal ion.
When the concentration of OMCTS in the presence of 5 M Bi(NO 3 ) 3 was varied (Table 1) , the largest amounts of TMBi were produced with 0.017 to 0.17 nM OMCTS, and there was significantly reduced TMBi production at lower (0.0017 nM) and higher (0.34 to 34 nM) concentrations of OMCTS. As assumed for reduced TMBi production at higher Bi(NO 3 ) 3 concentrations, the lower TMBi yields at higher concentrations of OMCTS were probably caused by inhibiting or damaging effects on cell constituents. Because of lipophilic properties of the siloxane, cytotoxic interactions with the cell membrane probably cause disturbances of the membrane potential and permeation processes (16) , thus inhibiting cell physiology in general, like higher concentrations of metal ions.
The crown ether-like structure of OMCTS led us to suppose that the influence of this compound on bismuth methylation is, for the major part, due to complexation of the metal ion. Since no data are available yet about the ability of this compound to bind Bi 3ϩ , we included structurally related compounds with known cation complexation capabilities, such as monensin and lasalocid, in our studies and investigated their influence on the stimulation of bismuth methylation. Both ionophores build cage-like structured metal complexes and are structurally similar to OMCTS with regard to not only the complexation of cations but also their lipophilic moieties favoring membrane interactions. Both compounds preferentially bind monovalent cations such as Na ϩ or K ϩ but are also able to complex diand trivalent cations (4) . Mainly due to their disturbing effect on transmembrane cation gradients, both compounds act as strong antibiotics, although only at concentrations higher than 3 to 4 nM (2).
As shown in Table 1 , both ionophores stimulated the bismuth methylation by M. barkeri, and in both cases a very similar dependence on the concentrations of the agent and the metal ion was observed for the interaction studies with OMCTS. With 5 M Bi(NO 3 ) 3 , the largest amounts of TMBi were produced with rather low concentrations of the ionophores similar to the concentrations identified for OMCTS (0.075 nM monensin, 0.17 nM lasalocid). As also observed for OMCTS, the production of TMBi deceased significantly with 20 M Bi(NO 3 ) 3 in the presence of the additives. The striking similarity between the effects of OMCTS and the effects of the ionophores monensin and lasalocid in terms of their stimulating effects on TMBi production suggests that the main reason for the observed stimulation by OMCTS is complexation of the metal ion allowing facilitated membrane permeation and thus providing the prerequisite for intracellular methylation.
The dependence of M. barkeri on adjuvants during the methylation of bismuth could be explained by the assumption that the membrane of this organism is itself impermeable to bismuth ions, possibly due to the absence of nonspecific cation uptake systems, but allows permeation of bismuth only in the presence of lipophilic, ion-complexing compounds as a prerequisite for methylation in the cytoplasm. This explanation, based on facilitated membrane permeation, does not rely on a specific interaction between the adjuvant and the microorganism, which would restrict the effect to a special group of organisms. As confirmation for this assumption, a stimulating effect of OMCTS similar to that found for the methanoarchaeon M. barkeri was also observed for Desulfovibrio vulgaris (5) using a comparable culture design [50-ml cultures in serum bottles; TMBi produced only in the presence 300 M OMCTS; 30 fmol TMBi with 20 M Bi(NO 3 ) 3 in 1 week]; the latter organism belongs to the domain Bacteria and differs from Archaea by having a different membrane composition.
Furthermore, provided that the assumption that there is a rather nonspecific reaction of the stimulating agents is correct, [7] ) also are affected by these agents and react (at least at low agent concentrations) with increased methylation activity.
This work was supported by grants from the Deutsche Forschungsgemeinschaft (DFG).
We thank L. Hartmann for critically reading the manuscript and the working group of A. V. Hirner, Department of Environmental and Analytical Chemistry, University of Duisburg-Essen, for analytical assistance.
